We have developed an organic light emitting device fabricated on polymer film substrate (F-OLED). This device has thin film multi-layered structure; substrate I gas barrier film I transparent anode I organic emitting layers I metal cathode I passivation film, and also has a lot of attractive features, approx.0.2mm thickness, approx. 1 gr weight (including driving IC), slightly bendable and so on. It utilizes silicone oxynitride (SiON) on the substrate side as gas barrier film and silicone nitride (SiNx) as passivation film on the device side, so it makes possible to keep a good luminance after 500 hours storage test under 60deg.C.95%RH.
Introduction
Several years have passed since organic light emitting device technology had introduced into a market for flat panel display (FPD) with extremely good visibility. Recently, in accordance with rapid spread of mobile applications such as cellular phones, PDAs and portable PCs, Organic Light Emitting Devices (OLEDs) have become the focus of market attention, and might take the place of Liquid Crystal Diplays (LCDs), which are now lionized in this field.
Needless to say, OLEDs have many attractive features for display applications, high brightness, high efficiency, wide viewing angle, quick response speed and so on. In addition, we would like to say with special emphasis that they have very simple structure. In contrast to many types of FPD which need sandwiched structure with two solid substrates, OLEDs basically consist of only a few hundred nano-meters thick functional films deposited on single substrate.
Since current commercially available OLEDs are fabricated on glass substrate, it might be much suitable to expand its advantage by replacing the glass substrate with polymer one. Some works have reported about OLEDs with polymer film substrates [1 ] [2] .
The basic structures of current and newly developed F-OLEDs are shown in Fig.l . The total thickness of current device, from the surface of the glass substrate to the backside of the metal lid, is about 2mm. On the other hand, the device thickness would be minimized to the same thickness of the substrate in case of newly developed devices described in this report. Besides, the polymer material brings about extremely lightweight and robust displays just not only for mobile apparatus but also for all OLED applications.
For replacing the glass substrate with polymer substrate, it would be easily understood that there are many problems. The requirements for the polymer film substrate applied to OLEDs are as follows [3] ,
(1) Optical transparency, (2) Extremely smooth surface, (3) High gas impermeability for moisture and oxygen, (4) High heat resistance during the manufacturing processes.
Some kinds of polymer substrates for LCDs have been developed and supplied for the market. But unfortunately, these substrates are quite incompetent for OLED applications because of its relatively poor gas impermeability even though, which are sufficient for LCD applications. The surface smoothness is also insufficient for depositing ultra-thin organic materials on it to fabricate OLEDs. None of the available polymer substrates for LCD manufacturing are incompetent for OLEDs. So, we have been investigated some additional structural functions to satisfy these equipments for polymer substrates descried above. We would like to report about our trial products made with newly developed polymer substrates.
Surface smoothness
We found out many small non-emitting parts (named dark spots) like black speckles in our OLEDs made with polymer substrates as indicated in Fig.2 (A) and (B) . We inferred that the smoothness of the substrate on which the organic functional films were deposited should directly affect the light emitting characteristics, because OLEDs were composed of ultra-thin functional films, the thickness of which was in the range of 10 to 100nm each as mentioned above. We discovered that there were some very small spikes located in the center of each dark spots, the height of them were about several decades of nano-meters measured by atomic force microscope (AFM). We are sure that these spikes are originated from the "filler particles" in the polymer films, because some OLEDs with special polymer substrates that had no filler showed less dark spots than with commercially available common polymer substrates.
We understand that the surface smoothness is one of the principal parameters to utilize the polymer substrates.
Moisture impermeability
Commonly available polymer films show the value 1-1 Og/day/m2 of moisture impermeability characteristic, and specially prepared polymer films for LCD application that have additional moisture barrier layer shows the value about 0.1 g/day/m2.
In our experiments for OLED application, however, this level of moisture impermeability was insufficient for storage reliability.
It was clear that the better moisture barrier layer should be developed for OLEDs with polymer substrates.
As shown in Fig.3 , two types of protective layers were developed for OLEDs with polymer substrate. One was the passivation film formed on the backside of the OLED to protect against harmful influence that was caused by moisture and oxygen gas spreading through or detouring the metal cathode electrode.
This film was expected to function like as hermetically sealed metal lid.
Another one was the moisture barrier film on the substrate to protect against them through the permeable polymer substrate.
Passivation film
Concerning the passivation film, we examined with silicon nitride (SiNx) film deposited by plasma enhanced chemical vapor deposition (plasma CVD). We already reported about this film in 1999 [4] . In our report, we pointed out the merits that plasma CVD could control its film stress easily and could deposit at relatively low temperature to prevent from thermal damages for organic materials. In our experiments, we used conventional "parallel planar electrodes" type plasma CVD. Silane (SiH4) and nitrogen (N2), not ammonium (NH3), gases were used as reactive source. Table. 1 shows the lists of deposition parameters in our experiments with plasma CVD SiNx films. Our OLED coated with this SiNx passivation film shows an excellent reliability under high-temperature and high-humidity storage test. Fig.4 shows the optical microphotographs of the emitting area of our OLED covered with this passivation film before and after the storage test.
Test conditions were as follows, 60deg.C. storage temp., 95%RH storage humidity and 500H storage time.
We can find no remarkable changes and we are sure that it is possible to replace backside metal lids with SiNx passivation films.
3.2. Moisture barrier film for the polymer substrate Plasma CVD SiNx films could not be adopted for the moisture barrier films on the substrate because of its brownish color, not a colorless film, even though excellent moisture barrier characteristics were accomplished.
Since the light from OLED is observed through the substrate, colored films on the substrate absorb and diminish it. The brownish colored films strongly spoil the blue light emission, and besides, the blue emission materials originally have low light emitting efficiency. The SiOx films, on the other hand, have colorless, clear transparent optical characteristic, but the moisture barrier characteristic is very poor and insufficient for OLED applications. So, we directed our attention to the silicon oxynitride (SiON) film so as to satisfy the moisture impermeability and the optical property in the same time.
MOCON test method has been well known and ordinary way to evaluate moisture impermeability characteristics of polymer films. Since the lower limit of the measurable range of MOCON method is about 0.1 0.01 g/m2/day, we concluded that this method was inappropriate to evaluate for OLED applications, and decided that the evaluation should be done by observing the degree of damages in OLED itself, that were recognized as the increase of non-emissive area. We have adopted RF sputtering method to deposit SiON films instead of plasma CVD method[s]. Si3N4 was used as sputtering target material, Ar and 02 gases were used as sputtering gas. By changing the 02 flow rate to the Ar, the oxygen density ratio in SiON film, i.e. a ratio of oxygen atoms to the sum of oxygen and nitrogen 0/(O+N) in SiON composition,, was controlled easily. In our experiments, the thicknesses of these SiON films on polymer substrates were fixed at the value of 200nm.
Fig .5 shows the typical structure in passive matrix OLED display. A lot of transparent anode electrode stripes and metal cathode electrode stripes were formed, and the organic functional layers were put between them. We prepared simple test devices for the evaluation of polymer substrates. That were composed with organic layers and one set of anode and cathode electrodes, they had 2mm in width and laid down in orthogonal each other, deposited on polymer substrates. As easily understood, 2mm by 2mm electrodes crossing square area emits light when some voltage is applied.
In our OLEDs, both the transparent anode material and metal cathode material have relatively good impermeability for moisture and oxygen gas. The growth or expansion of the non-emissive area from the anode electrode edge, therefore, means the permeation of harmful gases, i.e. moisture and/or oxygen gas, through the "polymer substrate", as shown in fig.6 . Contrary to this, the growth or expansion of the non-emissive area from the cathode electrode edge means the permeation from the "passivation films".
We have been evaluating the impermeability characteristics of SiON films for moisture and oxygen gas by observing the growth or the degree of spread of non-emissive area from the anode electrode edge after the storage test. The test conditions are just the same as described in section 3.1. Fig.7 shows two types of the observation results with optical microscope. Left pair of images show that there is no growth of nonemissive area after test, and this means the perfect impermeability characteristics of SiON on this sample. Right images show the expansion of non-emissive area, and this means poor impermeability characteristics on this sample. It is clear that this difference is caused by the difference of the oxygen density ratio in SiON films. Either samples show that the passivation films on backside of OLEDs are perfect because we can observe no growth of non-emissive area from the cathode electrode edge.
Lower oxygen density ratio may bring better gas impermeability characteristics, while this may bring into more brownish color. We found out that the impermeability characteristic of SiON films was compatible with optical requirement within some range of the oxygen density ratio. These results are shown in Fig.8 . The left vertical axis shows the optical transparency of the SiON films (200nm of thick) in percent unit measured by radiometric averaging from the wavelength of 400nm to 700nm, and the right one shows the We could get more than 90% of optical transparency when the oxygen density ratio, i.e. 0/(O+N) in the composition of SiON, exceeded 40%. And we could get no growth of nonemissive area, this meant the sufficient moisture and oxygen gas impermeability characteristic, when the oxygen density ratio restricted less than 80%. In the range of 40% to 80% of oxygen density ratio, we could achieve good moisture barrier and colorless films for OLED applications with polymer substrate.
3.4.
Multi Layered Structure After the storage test described above, we had a few dark spots in almost all our test OLED samples even if optimum SiNx passivation films and optimum SiON moisture barrier films were adopted.
We supposed that these dark spots were originated from microscopic pinhole defects existing in the moisture barrier films. Moisture and/or oxygen gas should penetrate through these pinholes and brought some harmful influences upon organic materials around these pinholes. Precisely saying, this diminished its light emitting characteristics. Fig.9 shows the AFM image of a pinhole found on SiON moisture barrier film. The diameters of these pinholes were in the order of sub-microns. It seemed to us that it was too difficult to wipe out all pinholes from these films completely within reasonable costs and efforts.
We, therefore, investigated multi-layered moisture barrier film to reduce the influence of the existing pinholes in it. In practice, we prepared the multi-layered film with the procedures as follows,
(1) Prepare polymer substrate with sufficient surface smoothness, (2) Sputter deposition of optimum SiON, (3) Spin coating of some resin/solvent, (4) Sputter deposition of optimum SiON again. After this, normal process for fabricating OLEDs was followed. The results led us to obtain long-lifetime and good looking OLEDs with the reduced dark spots less than 1 spot per 1 mm2.
Trial Production
We fabricated the monochrome dot-matrix typed display with polymer substrate utilized SiON for gas barrier film and SiNx for passivation film. Fig.10 shows the photograph and table 3 shows the specifications of it respectively. This display has slightly bendable as shown in Fig.10 .
Conclusions
We pointed out the importance of surface smoothness on polymer substrate for OLED applications. We found out that the impermeability characteristic of SiON films was compatible with optical requirement within 40% to 80% of oxygen density ratio.
We developed multi-layered gas barrier film to reduce the influence of the pinholes.
Finally, we accomplished to make trial production of dot matrix display using this polymer film substrate.
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